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ABSTRACT: 

Tone reproduction of an image is improved by ttie use of error diffusion or dithering in the 
mapping of input pixel values on an input values scale to printer pixel values on a printer values 
scale, where the input values scale and the printer values scale both have more than two levels 
to generate an image where a spatial average of printer values approximates a spatial average of 
the corresponding input values, as measured on the printer values scale. To improve the tone 
reproduction of reduced-resolution images, the printer pixel values are grouped into multi-pixel 
cells, pnnter pixel values within each cell are mapped to a font index value and a font cell 
corresponding to the Index level is printed at the location of the cell. The font set is chosen such 
that differences in total deposited ink between consecutive font cells is minimized In the font cell 
having a font index value of zero all printer pixel values are zero, in the font cell having a font 
index value of one all printer pixel values are zero except for a single pixel having an 
isolated-single-pixel cutoff value, and as the font index value of subsequent font cells is 
incremented a pnnter pixel value is incremented such that all printer pixel values are zero except 
for pixels in a line along the scan direction. The final font cell consists of a line of pixels along the 
scan direction having a full-cell-width printer pixel value, and pixels of zero value elsewhere The 
dynamic range of the font set is extended by a linear remapping of font index values 
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(54) IViultilevei screening for color laser printer 

(57) Tone reproduction of an image Is improved by 
the use of eror diffusion or dithering in the mapping of 
Input pixel values on an input values scale to printer 
pixel values on a printer values scale, where the input 
values scale and the printer values scale both have 
more than two levels, to generate an Image where a 
spatial average of printer values approximates a spatial 
average of the corresponding input values, as meas- 
ured on the printer values scale. To Improve the tone 
reproduction of reduced-resolution images, the printer 
pixel values are grouped into multi-pixel cells, printer 
pixel values within each cell are mapped to a font index 
value, and a font cell corresponding to the index level is 
printed at the location of the cell. The font set is chosen 
such that differences in total deposited ink between 
consecutive font cells is minimized. In the font cell hav- 
ing a font index value of zero all printer pixel values are 
zero, in the font cell having a font index value of one all 
printer pixel values are zero except for a single pixel 
having an isolated-single-pixel cutoff value, and as the 
font index value of subsequent font cells is incremented 
a printer pixel value is incremented such that all printer 
pixel values are zero except for pixels in a line along the 
scan direction. The final font cell consists of a line of pix- 
els along the scan direction having a full-cell-width 
printer pixel value, and pixels of zero value elsewhere. 
The dynamic range of the font set is extended by a lin- 
ear remapping of font index values. 
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Description 

FIELD OF THE INVENTION 

The present invention relates generally to laser printing systems, and more particularly to methods, apparatus, sys- 
tems and media for producing accurate and visually-pleasing laser printer graphics. 

BACKGROUND OF THE INVENTION 

A laser printer generates an image on a piece of paper by scanning a focused laser beam over a cylindrical photo- 
sensitive drum, the signal directed to the laser beam for each pixel controlling the length of time which the laser beam 
Is on. The drum converts the laser power incident on the drum to electrostatic charges, and the electrostatic charges 
attract and retain a powdered ink or loner" (generically referred to as a "marking medium"). When an electrostatically 
charged paper (generically referred to as a "printing surface") is rolled against the drum, the toner is transferred to the 
paper, and the paper is then heated to fuse the toner to the paper. The resolution of the image is determined by the 
number of scan lines per inch (Ipi) and the density of pixel values along each scan line, as measured in dots per Inch 
(dpi). A typical high-resolution laser printer has 600 scan lines per inch and 600 dots per inch along each scan line. 

A graph of an exemplary laser signal 100 as a function of pixel position Is shown in FIQ. 1 A. and a graph of the 
resulting line thickness 130 and a magnified view of the toner line 1 70 generated by the laser printer are shown In FIGS. 
1B and 1C. respectively. (For clarity, the toner line 170 is shown with no loner in the scan lines 160 and 180 directly 
above and below it 1 70. respectively, although generally there will be toner in those scan lines 1 60 and 1 80 as well.) As 
may be noted by inspection of FIGS. 1 A-C. the thickness of the toner line 1 70 is roughly proportional to the signal level 
directed to the laser. The thickness of the toner line 1 70 reaches a width of one pixel when the level of the laser signal 
has its full-pixel-width value, PR and the thickness of the line 1 70 having a maximum toner width. WM. (which is three 
pixels in the example of FIG. 1C) when the level of the laser signal has its maximum value. PM. 

While a monochromatic image will only require one toner line per scan line, a full-color image will require multiple 
colored inks per scan line. Most commonly, full-color printed images are generated using cyan, magenta, yellow and 
black inks, and the image is refen-ed to as the "CMYIC* image. Although the present invention applies to full-oolor image 
printing as welt as monochromatic image printing, for ease of discussion of the present invention only one toner color 
per scan line Is discussed, since the generalization to multiple toners per scan line is straightfonward. 

Although laser printers can generate images quicWy, nonlinearities in the relation between the level directed to the 
laser and the amount of deposited toner are problematic in the accurate generation of images, especially in regions 
where the toner density is low (highlight regions) and regions where the toner density is high (shadow regions). One of 
the nonlinearities associated with the process Is the result of interparticulate attraction between toner particles which 
causes them to clump together, preventing dots of toner deposited on the paper from being below a minimum size. 
Another cause of nonlinearities between the signal applied to the laser and the resulting toner density is a result of the 
time required to turn the laser off and on. As illustrated by the graph of the laser signal as a function of pixel number of 
FIG. 1 D and the corresponding graph of incident laser power as a function of distance on the toner drum of FIG. 1 E, 
the length of time that the laser power signal has the maximum laser power value (which is normalized to a value of 
unity in FIG. 1 E) is roughly proportional to the laser signal value. However, the laser power cannot reach the value of 
unity instantaneously, nor cannot it return to zero power instantaneously. These ramp times effect the proportionality 
between the laser signal and the laser power. The nonproportionality is rmsX dramatic for small laser signals, such as 
the signal at pixel number 1 , where the f inrte-length rise and fall times of the laser power prevent the laser power from 
reaching the unity value. 

A graph of an exemplary low-power laser signal 200 is shown in FIG. 2A. and a graph of the resulting line thickness 
230 and a magnified view of the toner line 260 generated by the laser printer are shown in FIGS. 2B and 2C, respec- 
tively. As may be noted by inspection of FIGS. 2 A-C. for pixels which are surrounded by laser values of zero and have 
laser values which are below an isolated-single-pixel cutoff value. PCI, such as the second pixel, the laser engine can- 
not deposit any toner on the paper However, for a pixel which is surrounded by laser values of zero and rs above the 
isolated-single-pixel cutoff value PCI (such as the fourth pixel), the laser engine can generate a toner covered area 
262. Similarly, the laser engine cannot generate a toner covered area for a pair of laser values which are, surrounded 
by laser values of zero, and tor which the average value is below an isolated<iouble-pixels cutoff value, PC2. However, 
when an isolated pair of pixels, such as the sixth and seventh pixels, have an average value above the isolated-double- 
pixels cutoff value PC2. a toner covered area 264 is produced. Similarly, the isolated-triple -pixels cutoff PC3 has a value 
below the isolated -double-pixels cutoff value PC2. and when an isolated triple of pixels (not shown) have an average 
value above the isolated-triple-pixels cutoff value PG3, a toner covered area is produced, and so on. 

The situation is actually somewhat more conplex than indicated above, since non-zero values of surrounding pixels 
influence the cutoff values. For instance, when the laser values surrounding a pixel have a value of one, the smallest 
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printable dot corresponds to a value somewhat less ttian PCI. AtkI when the laser values surrounding the dot have a 
value of twa the smallest printat)le dot corresponds to a value somewhat less still. Similarly, when the laser values sur- 
rounding a pair of pixels have a value of one. the smallest printable dot corresponds to an average value of the pair of 
pixels somewhat less than PC2. 

5 Another nonlinearily of laser printer imaging is found in the larger laser values which produce shadowed regions. 
A graph of an exemplary laser signal 300 is shown in FIG. 3A, and a graph of the resulting line thickness 330 and a 
magnified view of the toner line 360 generated by the laser printer are shown in FIGS. 3B and 3C, respectively As may 
be noted by inspection of FIGS. 3A-C, for laser values 300 which are near the middle of the range between zero and 
the full-pixel-width value PP (in this case the first through sixth pixels), the laser engine generates a tine 360 whose 
10 thickness is roughly proportional to the laser values. However, for laser values which are near the full-pixel-width value 
PP (such as those of the seventh, eighth and ninth pixels), the laser engine tends to overly darken the pixels. 

The underenphasis of low-power laser signals and the overemphasis of high-power laser signals (in scan lines of 
uniform darkness) is represented by the graph 400 of FIG. 4A, which plots laser value versus toner line thickness, i.e. . 
toner "density" As can be seen from the graph 400. for low values 410 off the laser signal the line thickness is zero, as 
15 discussed above in reference to FIGS. 2A-C. and for high values 430 of the laser signal the line thickness reaches unity 
prior to the laser signal reaching the value PP. as discussed above in reference to FIGS. 3A-C. 

Another drawback illustrated by FIG. 4A, is the fact that the laser values have a finite number of discrete values and 
the line thicknesses therefore have a finite number of discrete thicknesses. This "quantization" of line thicknesses can 
produce "false contours" when there is an area over which the color changes slowly-false contours occur at boundaries 
20 between a region having a gray scale of a first level and an adjoining region having a gray scale at an adjacent level. 

These non-linearities and quantization effects makes accurate image printing a difficult-and complex problem. An 
object of the present invention is therefore to provide method, apparatus, system and media for laser printing which has 
accurate tonal reproduction and is visually pleasing. 

More particularly, it is an object of the present invention to provide method, apparatus, system and media for accu- 
25 rate laser printing in areas with low toner densities. 

It is another object of the present invention to provide method, apparatus, system and media for accurate laser 
printing in areas with high toner densities. 

It is another object of the present invention is to provide method, apparatus, system and media for laser printing 
with smooth transitions between gray scales, especially in areas where tiie image gray scale changes slowly 

30 

SUMMARY OF THE INVENTION 

The present invention is directed to a method, apparatus, system and computer-readable media for accurate tone 
reproduction of a reduced-resolution image generated by a printer engine which deposits ink on a printing surface. The 
35 dimensions of a multi-pixel cell are defined, and a font set. which consists of a series of font cells having corresponding 
font index values, is defined. To generate a portion of the image in a multi-pixel cell, the pixel values of pixels in the multi- 
pixel ceil is mapped to a font index value, and the font cell corresponding to that font index value is printed on tfie print- 
ing surface. 

The present invention is also directed to a method, apparatus, system and computer-readable media for accurate 
40 tone reproduction of an image on a printing surface where image values are quantized on an image values scale which 
has more than two values: The image values are mapped to printer values, I.e.. values within a range that can be uti- 
lized by the printer engine, which are quantized on a printer values scale which is different from tiie image values scale 
and has more tiian two values. Differences between image values and printer values, as measured on the image values 
scale, are con^ected so that a spatial average of image values approximates a spatial average of printer values, as 
45 measured on said image values scale. Ink is deposited at the pixel locations on the printing surface in amounts roughly 
proportional to the printer values. 

BRIEF DESCRIPTION OF THE DRAWINGS 

so The foregoing discussion will be understood more readily from the following detailed description of the invention, 
when taken in conjunction with the accompanying drawings, in which: 

FIG. 1 A plots an exemplary laser signal having a large range of values as a function of pixel number; FIG. 1 B is a 
plot of the line thickness versus pixel number for the exemplary laser signal of FIG. lA; FIG. 1C shows the toner line 
generated by the exemplary laser signal of FIG. 1 A; FIG. 1 D plots another exemplary laser signal as a function of pixel 
55 number; and FIG. 1 E plots the incident laser power as a function of distance on the toner drum. 

FIG. 2A plots an exemplary laser signal which includes a number of low-values as a function of pixel number; FIG. 
2B is a plot of the line tfiickness versus pixel number for the exemplary laser signal of FIG. 2A; and FIG. 2C shows the 
toner line generated iDy the exemplary laser signal of FIG. 2A. 
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FIG. 3A plots an exemplary laser signal which incluies a number of high-values as a function of pixel number- FIG 
3B is a plot of the line thickness versus pixel number for the exemplary laser signal of FIG. 3A; btkI FIG. 3C shows the 
toner line generated by the exemplary laser signal of FIG. 3A. 

FIG. 4A graphs toner density versus printer value for a typical laser printer printing single pixels and a font set 
according to the present invention; and FIG. 4B graphs a remapping of printer values used to corrpensate for limitations 
in the dynamic range of the laser printer. 

FIG. 5A illustrates in block-<liagram form, a computer system incorporating the present invention; FIG. 5B depicts 
a block diagram of the method of the present invention; FIG. 5C depicts a block diagram of a first embodiment of the 
apparatus of the present invention; FIG. 5D depicts a block diagram of the apparatus of FIG. 5C with a ditherer used to 
perform the function of the halftoning unit; and RG. 5E depicts a tjlockdiagram of the apparatus of FIG 5C with an error 
diffusor used to perform the function of the halftoning unit 

FIG. 6A depicts a scale graduated on the left with scanner values for a single pixel and graduated on the right with 
printer values for a single pixel; FIG. 6B depicts a scale graduated on the left with scanner values for a 3 x 3 font cell 
and graduated on the right with printer values for a 3 x 3 font cell; and FIG. 6C depicts the relationship between a par- 
rs ticular scanner value and the two nearest printer values. 

FIG. 7A shows an exemplary rectangular dithering matrix. FIG 78 shows a pixel plane tiled with the dithering 
matrix of FIG. 7A. and FIG. 7C shows a pixel plane tiled with non^-ectangular dithering matrices, 
o r'?;i^ ® ^"^ preferred set of fonts for a 3 x 3 cell; FIG. 88 shows a second preferred set of fonts for a 3 x 
3 cell; FIG. 8C shows a set of fonts for a 2 x 2 cell; and FIG. 8D shows a set of fonts for a 1 x 3 cell. 
rr.r. !^ ®" exBnplary highlighted region which cannot be accurately reproduced by a printer engine and 
FIG. 98 shows Ihe font cells corresponding to the region of FIG. OA. 

DETAILED DFRHRipjIOM Qp THE PRFFFRRED EMRnr^lMFMTR 
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A block diagram of the method 500 of the preferred embodiment of the present invention is shown in FIG 5B The 
method 500 begins with a color matching step 510 which receives additive-color pixel data, such as that generated by 
a scanner, and produces subtractive-color pixel data to be used by a printer. According to industry standards- the addi- 
tive-color data IS in the RGB (i.e.. "red/greenWue") ootor space and the subtractive-color data is in the CMYK fi e 
-cyan/magenta/yellow/black'^ color space. Preferably the calibration system of the color matching step 510 is inple^ 
merited according to U.S. patent application serial number 08/678,884 by Joseph S. Shu. entitled Method and Appara- 
tus for Automate Color Correction, which is incorporated herein by reference. Briefly, this calibration system applies a 
nonlinear interpolation technique to a relatively small number of measured sample values generated from cotor image 
patches to provide a color lookup table having a larger number of calibration values stored therein. 

The CMYK data generated by the color matching step 510 is directed to a dot gain corrpensation step 515 prefer- 
ably according to the compensation system described in U.S. Patent No. 5.568.572 by Joseph S. Shu entitled Method 
arid Apparatus for Tonal Correction in Binary Printing Devices by Predistortion of Image Data, which is also incorpo- 
rated herein by reference. Briefly, this dot gain compensation process filters the pixel data by application of a filter func- 
tion which lightens the highlight and upper midtone regions of the image and darkens the shadow and lower midtones 
areas of the image. The output of the dot gain compensation step 516 is modified CMYK data, represented in FIG 5B 
40 as CMYK'. 

The method 500 continues with a cell definition step 520 where the length NL of a cell in pixels along the scan direc- 
tion and the width NW of the cell in pixels transverse to the scan direction are defined. (Although the present preferred 
embodiment utilizes rectangular cells, cells of any shape which can tile a plane may be used.) The dimensions which 
are selected for the cell are a function of the desired resolution of the printer image. If R1 X R2 is the resolution of the 
pnnter. then NL x NW cells will produce a resolution of RI/NL x R2/NW, since the NL x NW cell effectively becomes a 
pixel of the reduced resolution image. For instance for a laser printer which scans at 600 Ipi and each scan line has a 
resolution of 600 dpi. cells which have dimensions of NL = 3 and NW = 2 produce an image with 300 Ipi and 200 dpi 

The method 500 continues with a font definition step 523 where a font set is defined for the cell size specified in the 
cell definition step 520. As described in detail below, the font set consists of an indexed set of cells, each element of the 
set IS a -font" with a specified pattern of printer values for the pixels of the cell. The font set has the properties thaf in 
the font cell having a font index value of zero all printer pixel values are zero; in the font cell having a font index value of 
one all pnnter pixel values are zero except for a single pixel having an isolated-single-pixel cutoff value; with each incre- 
mentation of unity of the font index, a printer pixel value for a pixel in the cell is incremented by unity such that all printer 
pixel values are zero except for pixels in a line along the scan direction; and the final font cell consists of a line of pixels 
along the scan direction having a full-cell-width printer pixel value, and pixels of zero value elsewhere 

The data is then directed to a multilevel halftoning step 525 where each component of the CM^YK' data is mapped 
to a range of values suitable for use by a printer engine 540. Typically, if each component of the CMYK' data is 
obtained from a scanner it is an 8;bit number, and therefore each component has an integer value between 0 and 255 
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Such data will be referred to as "scanner values." Typically each component of the data used by the printer engine (I e 
-printer data") has an integer value between a value of 0 and a value of 32, with the value of 32 being the full-pixel-wldth 
value 

The relation of scanner data values to printer data values for a pixel is illustrated by the multilevel halftoning step of 
FIG. 6A. where the height of the scale 605 is graduated in 255 equal increments on the left side 610 and graduated in 
32 equal inaements on the right side 615. since a laser value of 32 will generate an area of ink with the width of a single 
pixel. However, according to the present invention, the scanner values within a cell are summed and mapped to font 
index values, as described in detail below. FIG. SB d^icts the relation of scanner values 61 1 for a 3 x 3 cell to font index 
values 616 for a 3 x 3 cell. Under the assumption that the scanner values of a single pixel range from 0 to 255 there is 
a range of 2295=9x255 for a 3 x 3 cell, and as shown in detai below, the font index values for a 3 x 3 cell range from 0 
to 262. 

It should be noted that scanner value graduations of the left side 610 of the scale 605 generally do not occur at the 
same positions as the printer value graduations along the right side 615 of ttie scale 605. Therefore, as depicted in FIG 
6C. a pnnter value of (SVM) will generally fall between hwo integer values. A and B. where A=SM/PM . PM is the max- 
imum printer value and SM is the maximum scanner value. Given that the distance between (SV/A) and the integer - 
printer value A is X. and the distance between (SV/a) and the integer printer value B is then (1 -X). to provide accurate 
tone reproduction of a region having a printer value of (SV/a), a means must be achieved for printing X% of the pixels 
in that region v«th a printer value of B. and (1-X)% of the pixels in that region with a printer value of A. 

According to the present invention, a halftoning method such as error diffusfon or dithering is used to insure that an 
average printer value PV is equal to (SVM), i.e., the average printer value PV is equal to the corresponding scanner 
value SV as measured on the printer value scale. This effectively provides regions with a spatially-averaged printer 
value equal to a spatially-averaged scanner value, since the eye tends to average fluctuations with wavelengths on the 
order of the pixel-to-pixel separation. 

According to the error diffusion method of the present invention, ttie error generated at a particular pixel may be 
passed on to any-group of neighboring pixels. As an example, consider the case where the error at the (i-l)th pixel 
atong a scan line is added to the next pixel. i.e., the itti pixel. In this case, the printer value PV(i) at the current oixel fi e 
the ith pixel) is set equal to k v - •. 

PV(i) = [SV(i)/A-(-E(i-1) + 1/2 ]. 

where E(i-1) is an error value produced at the previous pixel, and the square brackets indicate truncation to the next 
lowest integer. The error term E(i) at the ith pixel is defined as 

E(i) = SV(i)/A + E(i-1) - [ SV(0/A + E(i-1) + 1/2 ]. 

For instance, assume that PM=32 and SM =255. soA = 7.96875. Then, if the scanner value SVof a particular pixel 
IS 20, and the error from the previous pixel was 0.452, then the value ( (32 x 20/255) -i- 0.452 + 0.5 ) = 3.461 80 is trun- 
cated to the nearest integer to provide a printer value PV of 3, and the error of -0.03820 is added to ttie next pixel. And 
if the scanner value SV of the next pixel is 37, since the error from the previous pixel was -0.03820, then the value ((32 
x 37/255) - 0.03820 + 0.5) = 5.10494, is tmncated to the nearest integer to provide a printer value PV of 5, and the error 
of -0.39506 IS added to the next pixel, and so on. It shouW be understood that the present invention is directed to any 
method for the diffusion of errors caused by integer rounding of printer values PV(i,j) in ttie translation from scanner val- 
ues SV(i,j), such that spatially averaged printer values PV(i.j-) approximate spatially averaged scanner values SV(i ]) as 
measured on the printer values scale. 

According to the dithering technique of the present inventfon, the printer value PV at the (i.j) pixel is related to the 
scanner value SV at the (i.j) pixel by 

PV(i.j) = [ (SV(i,j) + IVI(modM1(i). modM2{j)) ) /A ]. 

where M is an Ml x M2 dithering mafrix having values pseudorandomly distributed between zero and ([A+0 5] -1) and 
the square brackets indicate truncation to the next lowest integer The additional of small random values to the scanner 
value SV(i,j) pnor to truncation acts to randomly raise some printer values PV(i,j) to equal ( [SV(i j) / A ] + 1 ) and titin- 
cate the remainder of the arguments at lSV(i.j) / A ] in the proportions of (1-X)% and X%. respectively, as discussed 
above. 

FIG. 7A depicts an exemplary 5x5 dithering matrix 700 for the case where A = 255«2 = 7 96875 As can be deter- 
mined by inspection, the 5 x 5 dithering matrix 700 has approximately an equal number of entries of each value 
between 0 and 7 (in this particular instance, there are three entries of each value between 0 and 7, except that there 
are four 4-s). As illustrated by FIG. 7B, ttie addition of M(modM1(i). modM20-)) to the scanner value SV(i,j) is equivalent 
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to the tiling of the pixel Image with dithering matrices 700, and the selection of the entry in the dithering matrix M cor- 
responding to the particular pixel (i j). I=br instance, for a 5 x 5 dithering matrix, the (46.74) pixel corresponds to the (1 .4) 
entry in the dithering matrix M (where the entry in the top left-hand corner of the matrix is notated as the (0,0) entry), 
and if the (46, 74) pixel happens to have a value of 134, the resulting printer value PV(i,j) is [ (1344.1)/7.96875] = 16. ' 
5 Although rectangular dithering matrices are generally used. It should be noted that the dithering matrix may have 
any shape which can tile the plane, as illustrated by the tiling of the plane with a non-rectangular six-element dithering 
matrix shown in FIG. 7C. It should be understood that the present invention is directed to any method for the addition 
of random values to the scartner values SV(i,j) such that integer rounding-produces printer values PV(l.i) which when 
spatially averaged approximate spatially averaged scanner values SV(i,j). as measured on the printer values scale. 
10 Once the printer values PV have been converted to scanner values SV by multilevel halftoning 525. cells of printer 
values PV are mapped to font cells using a font indexing method 530. For example, if the cell size was defined to be 3 
x 3 at the cell definition stage 520, a font set of 3 x 3 cells would be required. An exemplary 3 x 3 font set according to 
the method of the present invention is shown in FIG. 8A. and it Is Important to note that each font Is printable by a laser 
engine having limitations such as an isolated-slngle-plxel cutoff value PC1 and an isdated- - double-pixels cutoff value 
15 PC2. and the font set is chosen such tfiat differences in total deposited ink between consecutive font cells is minimized. 
It should also be noted that in all the font sets described below: in the font cell having a font index value of zero all printer 
pixel values are zero; in tfie font cell having a font index value of one all printer pixel values are zero except for a single 
pixel having an isolated-slngle-pixel cutoff value; as the font Index value of subsequent font cells Is Incremented a 
printer pixel value Is Incremented such that all printer pixel values are zero except for a group of adjacent pixels in a line 
20 afong the scan direction; and the final font cell consists of a line of pixels along the scan direction having a full-cell^width 
printer pixel value, and pixels of zero value elsewhere. For all font cells (except the font cell corresponding to the font 
index value of zero) the nonzero pixels have a value less than a foll-<;ell-width printer pixel value and at least one pixel 
has a value greater than the isolated-single-pixel cutoff value. Roughly the toner line width is proportional to laser sig- 
nal, so if the fu!li3ixel-width printer value is 32, then in the present specification the full-cell-width printer value for a 2 x 
S5 2 cell will assumed to be 64 (resulting in a resolution of 300 Ipi x 300 dpi), the full-cell-width printer value for a 3 x 3 cell 
will assumed to be 96 (resulting in a resolution of 200 Ipi x 200 dpi), the full -cell-width printer value for a 4 x 4 cell will 
assumed to be 128 (resulting in a resolution of 150 Ipi x 150 dpi). 

It will be assumed that for 3 x 3 cells the full-cell-width printer pixel value, i.e.. the laser value tiiat will produce a 
toner line width of 3 pixels is 96. It will be assumed that for 3 x 3 cells the fullKieil -width printer pixel value, i.e.. the laser 
30 value that will produce a toner line width of 3 pixels is 96. As before, it will be assumed that the isolated-slngle-pixel cut- 
off value PCI of the laser engine is 27. the isolated^Jouble-pixels cutoff value PC2 Is 15, and the scan direction of the 
laser printer is along the vertical direction. As shown in FIG. 8A, the font cell witii a font index value x of zero (i.e.. the 
zeroth cell, labeled as x=0. which is actually the first cell depicted in FIG. 8A) has zero entries in each of tiie nine pixels 
of the cell. (As a reminder that the full -pixel-width value is 32. all entries in the font cells of FIGS. 8A-E are written as a 
numerator over the denominator value of 32.) The font cell with a font index value x of 1 (i.e.. the first cell) has zero 
entries in each of the pixels, except for a value of 27 in the center pixel, and since this pixel has a value equal to the 
isolated-single-pixel cutoff value PCI it is printable. The second font cell has zero entries in each of the pixels except 
for a value of 28 in the center pixel, the third cell has zero entries in each of the pixels except for a value of 29 in the 
center pixel, and so on. until the sixth cell which has zero entries except for a value of 32 in the center pixel, and of 
course each of these font cells is also printable. For font cells from the seventh cell to the thirty-eighth cell, the center 
pixel has the full-pixel-width value of 32. and the cell directly above the center cell has increasing values from 1 to 32. 
and since the average value of the two adjacent non-zero pixels is greater than the isolated^ouble-pixels cutoff value 
PC2. these font cells are printable. For instance, for the seventh cell the center pixel has a value of 32 and the pixel 
above the center cell has a value of 1 . for ttie eighth cell the center pixel has a value of 32 and the pixel above the center 
cell has a value of 2. and so on. until the thirty-eighth cell where the center pixel has a value of 32 and the pixel above 
the center cell also has a value of 32. Then, for font cells from the thirty-ninth cell to the seventieth cell, the center pixel 
has the full-pixel-width value of 32, the pixel above the center pixel has the full-pixel-width value of 32, and the cell 
directly below ttie center cell has increasing values from 1 to 32. Then, for font cells from tfie seventy-first cell to the two- 
hundred-and-sixty-second cell, the pixels in the middle of the central column, the top of the central column and the bot- 
tom of the central column are sequentially increased by unity. For instance, for the seventy-first cell the center pixel has 
a value of 33, and the pixel above the center pixel has a value of 32, and ttie pixel below the center pixel has a value of 
32; for the seventy- second cell the center pixel has a value of 33. and the pixel above the center pixel has a value of 33, 
and the pixel below the center pixel has a value of 32; for the seventy-third cell the center pixel has a value of 33. and 
the pixel above the center pixel has a value of 33. and the pixel below the center pixel has a value of 33; for the seventy- 
fourth cell the center pixel has a value of 34. and the pixel above the center pixel has a value of 33. and the pixel below 
the center pixel has a value of 33; and so on until the two-hundred-and-sixty-second cell where the center pixel has the 
maximum printer value of 96. and the pixel above the center pixel has the maximum printer value of 96. and the pixel 
below the center pixel has the maximum printer value of 96. 



35 



40 



45 



50 



55 



6 



EP0859507A2 



It should be noted that for the font cells of FIG. 8A (except the zeroth cell), the sum of the pixel values In a cell, 
minus 26. is equal to the label value of the cdl, or mathematically: 

X = pixel value ) - 26 

^ cell 

That is, the total density of toner in each cell increases by unity with each consecutive font cell. Each of these font cells 
is printable, and (except for the gap between the total toner density of the zeroth and first font cells) the difference 

10 between the total toner density of consecutive font cells is mininnized. Therefore, by consolidating the printer values 
within each cell, only one discontinuity between the printer values and the total toner density remains, and tiiat is the 
gap associated with total toner densities in a cell from 1 to 26. 

The advantage of mapping pixel values to the font cells of the present invention is illustrated by considering the 
exemplary highlight regbn with pixel values as depicted in FIG. 9A. Because, the isolated single nonzero-valued pixels 

15 have a value below the isolated-single-pixel cutoff value PCI and the Isolated pairs of nonzero-valued pixels have val- 
ues below the isolated-double pixels cutoff value PC2, etc., the printer engine is not be able to deposit any toner in this 
region. However, if the printer values in each 3x3 cell are summed and a font cell with the same value as the sum of 
the printer values is substituted, the printable cells of pixel values depicted in FIQ. 9B is produced, where the pixels 
have zero values except for the second, fifth and eighth pixels in the middle column which have values of 30, 31 and 32. 

20 respectively The increase in dynamic range produced by the font is represented in FIG. 4A. For instance. In the exam- 
ple of FIGS. 9A and 9B where a 3 x 3 cell is used, the mriimum printer value which produces a nonzero toner density 
decreases by a factor of 9 from R1 to R1 '. 

It should be noted that there are a variety of fonts which may be defined having the properties that: in the font cell 
having a font index value of zero all printer pixel values are zero; in the font cell having a font index value of one all 

25 printer pixel values are zero except for a single pixel having an isolated-single-pixel cutoff value; as the font index value 
of subsequent font cells is incremented a printer pixel value is incremented such that alt printer pixel values are zero 
except for pixels in a line along the scan direction; and the final font cell consists of a line of pixels along the scan direc- 
tion having a full-cell-width printer pixel value, and pixels of zero value elsewhere. 

An exemplary alternative to the font set of FIG. 8A is shown in FIG. 8B. As before, the zeroth cell (which is actually 

30 the first cell depicted in FIG, 8B) has zero entries in each of the nine pixels of the cell; the first cell has zero entries in 
each of the pixels, except for a value of 27 (the Isolated-single-pixel cutoff value PCI) in the center pixel; the second 
cell has zero entries in each of the pixels except for a value of 28 in the center pixel, and so on, until the sixth cell which 
has zero entries except for a value of 32 In the center pixel. Then for font cells from the seventh cell to the seventieth 
cell, the center pixel has the full -pixel-width value of 32, and the cell directly above and below the center cell are alter- 

35 nately incremented until the cells directly above and below the center cell reach a value of 32. For instance, for the sev- 
enth cell the central pixel has a value of 32, the pixel above it has a value of 1 . and all the other pixels have values of 0; 
for the eighth cell the central pixel has a value of 32 and the pixels above and below it have values of 1 ; for the ninth cell 
the central pixel has a value of 32, the pixel above it has a value of 2, the pixel below it has a value of 1 . and all the other 
pixels have values of 0. and so on. until the seventieth cell where the central pixel and the pixels directly above and 

40 below it have values of 32. For the font cells from the seventy-first cell to the one-hundred-and-thirty-fourth cell, the 
value of the central pixel Is incremented by unity, so for the seventy-first cell the central pixel has a value of 33. the pixels 
directly above and below the central pixel have values of 32. and all other pixels in the cell have a value of zero; for the 
seventy-second ceil the central pixel has a value of 34. the pixels directly above and below the central pixel have values 
of 32, and all other pixels in the cell have a value of zero; and so on, until the ninety-sixth cell where the central pixel 

45 has a value of 96 (the maximum pixel value), the pixels directly above and below the central pixel have values of 32, 
and all other pixels in the cell have a value of zero. Similarly, for the font cells from the one-hundred-and-thirty-fifth cell 
to the one-hundred-and-ninety-eighth cell, the value of the pixel above the central pixel is incremented by unity, so for 
the one-hundred-and-thirty-fifth cell the central pixel has a value of 96. the pixel directly above the central pixel has a 
value of 33, the pixel directly below the central pixel has a value of 32, and all other pixels In the cell have a value of 

so zero; for the one-hundred-and-thirty-sixth cell the central pixel has a value of 96, the pixel directly above the central pixel 
has a value of 34, the pixel directly tjelow the central pixel has a value of 32, and ail other pixels in the cell have a value 
of zero; and so on. Finally, for the font cells from the one-hundred-and-ninety-ninth cell to the two-hundred-and-sixty- 
second cell, the central pixel and the pixel above the central pixel have values of 96, and the value of the pixel below 
the central pixel is incremented by unity Therefore, for the one-hundred-and-ninety-ninth cell the central pixel and the 

55 pixel above it have values of 96, and the pixel directly below the central pixel has a value of 33. for the two-hundredth 
cell the central pixel and the pixel above it have values of 96, and the pixel directly below the central pixel has a value 
of 34. and so on. until the two-hundred-and -sixty-second cell where central pixel and the pixels above and below it have 
values of 96. 
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The 3 X 3 font cells reduce the resolution vertically arid horizontally by a factor of three, so a 600 Ipi (fines per inch) 
X 600 dpi (dots per inch) laser printer will have a resolution of 200 dpi x 200 dpi when 3 x3 celis are used. In general 
font cells of dimension NL x NT may be used, where NL is an integer representing the length of the cell along the scari 
direction of the laser, and NT is an integer representing the width of the cell transverse to the scan direction of the laser 
and the product (NL*NT) is greater than unity, and the resulting resolution is (60a/NL) dpi x (600/NT) dpi. 

For instance, a font set for 2 x 2 cells is shown in FIG. 8C. As was the case with the font sets for 3 x 3 cells of FIGS 
8A and 8B: the zeroth cell (x=0) has values of zero for each pixel; the first cell (x=l) has values of zero for each pixel 
except for a single pixel with a value of 27. the isolated single pixel cutoff value PCI ; the second cell (x=2) has values 
of zero for each pixel except for a single pi^rel vnth a value of 28. one greater than the isolated single-pixel cutoff value 
PCI : and so on until the sixth cell (x=6) which has values of zero for each pixel except for a single pixel with a value of 
32. the full-pixel-width value. In the case of the particular font depicted in FIG. 8C. the pixel with a nonzero value In the 
first through the sixth cell is in the upper right-hand cwner. although any pixel in the cell may be selected to have the 
nonzero value. And as was the case for the fonts for 3 x 3 cells of FIGS. 8A and 8B. there are a variety of ways of def in- 
ing 2 x 2 cells such that the difference in total toner density of consecutive font cells is minimized and each font cell is 
printable. As was the case with the font sets for 3 x 3 cells of FIG. 8A: the seventh cell has values of zero for each pixel 
except for a pixel with a value of 1 and a pixel with a value of 32, the full-pixel-width value PP; the eighth cell has values 
of zero for each pixel except for a pixel with a value of 2 and a pixel with a vdue of 32; and so on unty the thirty-eighth 
cell (x=38) which has values of zero for each pixel except for two pixels with values of 32. In the case of the font depicted 
in FIG. SC. in the seventh ceil through the thirty-eighth cell, the pixel with a value of 32 is in the upper right-hand comer 
and the other pixel with a nonzero value is in the bottom right-hand comer, although any other pair of pixels in the cell 
may be selected to have the nonzero values. Then, for the thirty-ninth through one-hundred-and-thiid cells, the two 
right-hand pixels are altemately incremented, much as the pixel values are incremented in the seventieth through two- 
hundred-and-sixty-second cells of the font of FIG. 8A. For instance, thelhirty-ninth cell has a value of 33 in the upper 
right-hand comer and a value of 32 in the lower right-hand corner, and zero values of the left-hand side; the fortieth cell 
has a value of 33 in the upper right-hand corner and a value of 33 in the kwer right-hand corner, and zero values of the 
left-hand side; the forty-first cell has a value of 34 in the upper right-hand comer and a value of 33 in the lower right- 
hand corner, and zero values of the left-hand side; and so on until the one-hundred-and-third cell which has values of 
64. the double-pixel-width value P2P. in both right-hand pixels. 

It should be understood that the cells need not be square, as exemplified by the font set of FIG 8D where the cells 
have a wKlth of 3 pixels and a length of 1 pixel, and where, as previously, the scan direction of the laser printer is verti- 
cal. As was the case with the font sets depicted in FIG& 8A, 8B and 8C: the zeroth cell (x=0) has values of zero for each 
pixel; the first cell (x=1) has values of zero for each pixel except for a single pixel with a value of 27. the isolated-single 
pixel cutoff value PCI ; the second cell (x=2) has values of zero for each pixel except for a single pixel with a value of 
28, one greater than the isolated-single-pixel cutoff value PCI ; and so on until the sixth cell (x=6) which has values of 
zero for each pixel except for a single pixel with a value of 32, the full-pixel-width value. In the case of the particular font 
depicted in FIG. 8D, the pixel with a nonzero value in the first through the sixth cell is in the center, although any column 
in the cell may be selected to have the nonzero value. Continuing, the seventh cell has a value of 33 in the center pixel 
and values of zero in the other pixels, the eighth cell has a value of 34 in the center pixel and values of zero in the other 
pixels, and so on until the seventieth cell which has a value of 96 in the center pixel and values of zero in the other pixels. 

The font cells of the present invention are selected to minimize the differences between eel Is of consecutive font 
index values in the total amount of deposited toner, and increases the dynamic range of the printer engine thereby 
improving the accuracy of tone reproduction. The dynamic range of the system is further improved by a dynamic range 
adjustment. The dynamic range adjustment 535 involves the determination of the density versus font index value curve 
of FIG. 4A. Then, the font index values are remapped in the multilevel haWoning step 525 via the linear funchon shown 
in FIG. 4B. where a font index value of x prior to dynamic range adjustment is mapped to a value of x' where 

x' = Rr + (R2'.R1')*x/N. 

and N is the maximum font index value, and any remaining nonlinearities are compensated for in the dot gain compen- 
sation step 515, as discussed above. 

The present invention is preferably practiced in the context of a computer system such as the IBM PS/2 or Apple 
Macintosh computer. A representative environment is depicted in FIG. 5A. and includes a conputer 50 controlled by a 
central processing unit 52. which may be a conventional mlaoprocessor. A number of other additional units all inter- 
connected via a system bus 58 are provided to accomplish specific tasks. Although a particular computer system may 
have only some of the units depicted in FIG. 5A or may have additional components not shown, most computers will 
include at least the units shown. 

Computer 50 includes a random access memory (RAM) 56 for temporary storage of information, a read only mem- 
ory (ROM) 54 for permanent storage of the computer's configuration and basic operating commands, an input/output 
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(I/O) adapter 70 for connecting peripheral devices such as a disk drive 73. printer 75 and scanner 77 to bus 58 via 
cat)les 72, 74 and 76, respectively. A user interface adapter 66 is also provided for connecting input devices such as a 
mouse, speakers and microphones or keytDoard 80 to bus 58. Visual output is provided by a display adapter 68, which 
connects bus 58 to a display device 82 such as a video monitor. Computer 50 has resident thereon and Is controlled 
and coordinated by a suitable operating system. 

Most relevant to the present invention is printer 75. which typically accepts Image, graphic and/or text Information 
from an application program (such as a text editor, graphics program or image processor) resident in RAM 56. Control 
of printer 75, including the cell definition 520, multilevel halftoning 525. font indexing 530 and dynamic range adjustment 
535 of the present invention, may be carried out by suitable hardware or software modules resident in the printer 75 or 
the computer 50. Generically known as "drivers." these modules process raw image date, graphic information and/or 
text Information from the computer 50, possibly having originated in the scanner 77. into a form suitable for directly con- 
trolling the printer engine 540. 

An apparatus 505 con^esponding to the method of FIG. SB is depicted in FIG. 5C. The color matcher 51 1 receives 
additive receives additive-color pixel data, such as that generated by a scanner, and produces subtractive-color pixel 
data to be used by a printer. Preferably the cobr matcher 51 1 is implemented according to U.S. patent application serial 
number 08/678.884 by Joseph S. Shu. entitled Method and Apparatus for Automatic Color Correction, as described 
above. The CMYK data generated by the color matcher 51 1 is directed to a dot gain compensator 516. which is prefer- 
ably implemented according to the compensation system described in U.S. Patent No. 5,568.572 by Joseph S. Shu, 
entitled Method and Apparatus for Tonal Correction in Binary Printing Devices by Predistortion of Image Data, as also 
desaibed above. The output of the dot gain compensator 516 is modified CMYK data, represented in FIG. 5D as 
C'MTK*. The data Is then directed to a halftoning unit 528 which performs a halftoning operation whereby each com- 
ponent of the CMTK* data is mapped to a range of values suitable for use by a printer engine 541 such that spatially- 
averaged printer values approximate spatially-averaged scanner values, as described above in connection with FIG. 
58. The halftoning produced by the halftoning unit 528 may be performed by a dittierer 526, as depicted in the particular 
embodiment 501 of the apparatus 505 of FIG 5C shown in FIG. 5D, or by an error diffosor 527, as depicted in the par- 
ticular embodiment 502 of the apparatus 505 of FIG. 5C shown in FIG. 5E. The dithering and error diffusion operations 
performed by the ditherer 526 and error diffusor 527, respectively, are discussed in detail above in reference to the 
method depicted in FIG. SB. 

The output of tiie halftoning unit 528 Is directed to a halftone font indexer 531 which maps multi-pixel cells of printer 
values with dimensions determined by cell dimension definition unit 521 to halftone fonts stored in font cell generator 
522. The cell dimension definition unit 521 may consist of storage registers for storing the cell length NL and the cell 
width NW, and may Include means for querying an end user for the desired resolution of the printer Image and calcu- 
lating the cell length NL and the cell widtfi NW based on the desired resolution. As discussed in detail above in connec- 
tion witfi FIGS. 8A. 8B. 8C and 8D, the font cells stored in or generated by the font cell generator 522 have the following 
properties: in the font cell having a font index value of zero all printer pixel values are zero; in the font cell having a font 
index value of one all printer pixel values are zero except for a single pixel having an isolated -single pixel cutoff value; 
as the font index value of subsequent font cells is incremented a printer pixel value is incremented such that all printer 
pixel values are zero except for a group of adjacent pixels In a line alone the scan direction; the final font cell consists 
of a line of pixels along the scan direction having a full-cell-width printer pixel value, and pixels of zero value elsewhere; 
for all font cells (except the font cell con-esponding to the font index value of zero) the nonzero pixels have a value less 
than a full-cell-width printer pixel value; and at least one pixel has a value greater than the isolated single-pixel cutoff 
value. Thereby, ttie font cell output produced by the halftone font indexer 531 has an increased dynamic range and 
smoother transitions between tones, thereby improving the accuracy of tone reproduction as discussed in detail above. 
Finally, the output of ttie halftone font indexer 531 is directed to a dynamic range adjuster 536 where the font index val- 
ues are remapped accading to the linear function shown in FIG. 4B based on the determination of the density versus 
font index value curve of FIG. 4A, and printed by the printer engine 541 . 

It should be understood that the block units of FIGS. 5B. 5C. 5D and 5E may be implemented using a programmed 
general-purpose digital computer, using application specific integrated circuits, using a network of interconnected con- 
ventional components and circuits, or using a multithreaded multitasking environment. Alternatively, tine block units of 
FIGS. 5C-E may be considered to represent a series of special purpose computers, each containing its own CPU, for 
implementing the corresponding methods, or may represent computer useatrfe media having conputer readable pro- 
gram code, or may even represent hardware implementations of the methods. Furthermore, the invention described 
above may be implemented as a component of a conventional processor-driven imaging device, such a facsimile 
machine, document copier, or the like. In summary, those skilled in the art should readily appreciate that programs 
defining these functions can be delivered to a computer in many forms, including but not limited to: (a) information per- 
manently stored on non-writable storage media (e.g., read only memory devices within a computer or CD-ROM disks 
readable by a computer I/O attachment); (b) information alterably stored on writable storage media (e.g.. floppy disks 
and hard drives); or (c) information conveyed to a computer through communication media such as telephone networks. 



EP0 859 ^7A2 

It should be understood, therefore, that such media, when carrying such information, represent alternate embodiments 
of the present invention. Furthermore, it should be understood that while the level of detail of the method and apparatus 
presented in the present specification has been shown at a function-block levels it is within the scope of one skilled in 
the art to develop the appropriate specific circuits to accomplish these functions. 

The foregoing description of the prefen-ed embodiments of the invention is only by way of example and other var- 
lations of the above-described embodiments and methods are provided by the present invention. Having' described pre- 
ferred embodiments of the present invention, it will now become apparent to one of ordinary skill in the art that (rther 
embodiments incorporating their concepts may be used. It is felt therefore that these embodiments should not be limited 
to disclosed embodiments, but rather should be Omited only by the spirit and scope of the appended claims. 

Claims 

1 . A method for accurate tone reproduction of an image on a printing surface, corrprising the steps of: 

(a) obtaining image values for pixels of said image, said image values being quantized on an image values 
scale having a maximum image value and having more than two image scale levels; 

(b) mapping said image values for said pixels to printer values quantized on a printerValues scale having more 
than two printer scale levels, said printer values scale having a maximum printer value which differs from said 
maximum image value, differences between said image values and sad printer values, as measured on said 
image values scale, being corrected such that a first spatial average over a region of said image values approx- 
imates a second spatial average over said region of said printer values, as measured on said image values 
scale; and 

(c) depositing marking medium at said pixels on said printing surface in amounts roughly proportional to said 
printer values. 

2. The method of claim 1 wherein step (b) includes the steps of: 

determining a first of said differences between said printer value for a first one of said pixels and said image 
value for said first one of said pixels, as measured on said printer values scale; and 
adding said first of said differences to said printer value of a second one of said pixels adjacent said first one 
of said pixels. 

3. The method of claim 1 wherein step (b) includes the step of adding random variables to said image values of said 
pixels. 

4. The method of daim 2 wherein said random variables are randomly distributed between a value of unity, and a ratio 
of a first maximum of said input level divided by a second maximum of said halftone levels, minus unity. 

5. The method of claim 1 wherein step (b) includes tiie use of a dithering technique. 

6. The method of claim 1 wherein step (b) includes the use of an en-or diffusion technique. 

7. Apparatus for accurate tone reproduction of an image generated by a printer engine for depositing marking medium 
on a printing surface, comprising: 

means for obtaining image values for pixels of said image, said image values being quantized on an image val- 
ues scale having a maximum image value and more than two image scale levels; and 
conversion means for mapping said image values for said pixels to printer values, said printer values being 
quantized on a printer values scale having more than two printer scale levels and a maximum printer value 
which differs from said maximum image value, differences between said image values and said printer values 
as measured on said image values scale, being corrected such that a first spatial average over a regfon of said 
image values approximates a second spatial average over said region of said printer values, as measured on 
said image values scale, said printer engine depositing said marking medium at said pixels on said printing sur- 
face in amounts roughly proportional to said printer values. 

8. Apparatus for accurate tone reproduction of an image generated by a printer engine for depositing marking medium 
on a pnnting surface, said image having image values for pixels of said image quantized on an image values scale 
having a maximum image value and more than two image scale levels, comprising a halftone conversion unit for 
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mapping said image values for said pixels to printer values, said printer values being quantized on a printer values 
scale having more than two printer scale levels and a maximum primer value which differs from said maximum 
image value, differences between said Image values and said printer values, as measured on said image values 
scale, being corrected such that a first spatial average over a region of said image values approximates a second 
5 spatial average over sakJ region of said printer values, as measured on said image values scale, said printer engine 
depositing said marking medium at said pixels on said printing surface in amounts roughly proportional to said 
printer values. 

9. A system for printing an Image on a printing surface with accurate tone reproduction, image values for pixels of said 
10 image being quantized on an image values scale having more than two image scale levels and a maximum image 

value, comprising: 

a printer engine for depositing marking mediun on said printing surface; and 

a halftoning unit for mapping said Image values for said pixels to printer values, said printer values being quan- 
15 tized on a printer values scale having more than two printer scale levels and a maximum printer value which 

differs from said maximum image value, differences between said image values and said printer values, as 
measured on said image values scale, being corrected such that a first spatial average over a region of said 
image values approximates a second spatial average over said region of sakJ printer values, as measured on 
said image values scale, said printer engine depositing said marking medium at said pixels on sakJ printing sur- 
20 face in amounts roughly proportional to said printer values. 

10. A computer program for use with an image reproduction system including a scanner, a processor and a printer hav- 
ing a printer engine for depositing marking medium on a printing surface, for providing accurate tone reproduction 
of an image, the computer program product comprising: 

25 

a computer useable medium having computer readable program code to obtain and store image values for pix- 
els of said image, said Image values being quantized on an image values scale having more than two image 
scale levels and a maximum image value; 

a computer useable medium having computer readable program code for mapping sakJ image values for said 
30 pixels to printer values, said printer values being quantized on a printer values scale having more tiian-two 

printer scale levels and a maximum printer value which differs from said maximum image value, differences 
between said image values and said printer values, as measured on said image values scale, being corrected 
such that a first spatial average over a region of said image values approximates a second spatial average over 
said region of said printer values, as measured on said image values scale; and 
35 a computer useable medium having computer readable program code for controlling said printer engine in the 

deposition of said marking medium at said pixels on said printing surface in amounts roughly proportional to 
said printer values. 

1 1 . A method for accurate reduced-resolution tone reproduction of a printed image tased on an image of image values. 
40 said printed image being generated by a printer engine with a printer resolution which deposits a marking medium 

at pixels on a printing surface, an amount of said marking medium deposited at said pixels being a function of 
printer values for said pixels, comprising the steps of: 

(a) defining dimensions of a multi-pixel cell of said pixels; 
45 (b) defining a set of font cells, each of said font cells having an arrangement of font pixel values for said pixels 

in said multi-pixel cell and a corresponding font index value; 

(c) mapping said image values for said pixels in said multi-pixel cell to a corresponding one of said font cells; 
and 

(d) printing said font pixel values for said corresponding one of said font cells in said multi-pixel cell on said 
50 printing surface. 

12. The method of claim 11 wherein said dimensions of said multi-pixel cell are a cell length, in units of a separation 
between said pixels, along a scan direction of a means for printing in said printer engine, and said printer resolution 
is reduced by a first factor equal to said cell length along said.scan direction, and a cell width transverse said scan 

55 direction, in said units of said separation between said pixels, and said printer resolution is reduced by a second 
factor equal to said cell width transveree said scan direction. 

13. The method of daim 11 wherein said printer engine cannot deposit any of said mari^ing medium on said printing 
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surface at a first of said pixels when a first piirrter value for said first of said pixels is less than an isolated-single- 
pixel cutoff value, and said printer values of said pixels surrounding said first pi)ffils are zero. 

14. The method of claim 13 wherein said set of font cells includes: 

a zerolh of said font cells having said font index value of zero and having said font pixel values of zero for each 
of said pixels of said multi-pixel cell; 

a first of said font cells having said font index value of one and having said font pixel values of zero for each of 
said pixels of said mulli-pixel cell except for a single one of said pixels in a first column of said mulU-pij«l cell 
for which said font pixel value is equal to said isolated-singleiJixel cutoff value; and 
an Nth of said font cells having said font index value of N. where N is an Integer, and having said font pixel val- 
ues of zero for each of said pixels of said multi-pixel cell in all columns except said first column of said multi- 
pixel cell, a sum of said font pixel values for said pixels in said first column being equal to N minus unity plus 
said isdated-single-pixel cutoff value, said pixels in said first column with nonzero values for said font pixel val- 
ues being adjacent, at least one of said pixels in said first column having said font pixel value greater than or 
equal to said isolated-single-pixel cutoff value, and none of said pixels in said first column having said font pixel 
value greater than a fuU-cell-width value, where said marking medium deposited by said printer for any of said 
pixels having said font pixel value equal to said full-ceH-width value has a deposition width transverse said scan 
direction equal to said cell width. 

1 5. The method of claim 14 wherein said set of font cells further includes an (N+1)th of said font cells having said font 
index value of (N+1) and having said font pixel values of zero for each of said pixels of said multi-pixel cell in all col- 
umns except said first column of said multi-pixel cell, a sum of said font pixel values for said pixels in said first col- 
umn being equal to N plus said isolated-single-pixel cutoff value, said pixels in said first column with nonzero values 
tor sad font pixel values being a(jjacent. at least one of said pixels in said first column having said font pixel value 
greater than or equal to said isdated-single-pixel cutoff value, and none of said pixels in said first column having 
said font pixel value greater than a full-cell-width value, where said marking medium deposited by said printer for 
any of said pixels having said font pixel value equal to said full-cell-width value has a deposition width transverse 
said scan direction equal to said cell width, whereby a difference in deposition of said mar1<lng medium for said Nth 
of said font cells and said (N+l)th of said font cells is ntinimized. 

16. The method of claim 14 wherein said printer engine cannot deposit any of said marking medium on said printing 
surface at an adjacent pair of said pi)ffils when a first sum of said printer values for said adjacent pair of said pixels 
IS less than twice an isolated-double-pixels cutoff value, and said printer values of said pixels surrounding said adja- 
cent pair of said pixels are zero. 

17. The method of claim 15 wherein step (c) includes the step of adding said image values in said multi-pixel cell to 
provide a cell value quantized on a cell value scale which ranges from zero to a product of said cell width and said 
cell length and a maximum allowed value for said image values. 

18. The method of claim 1 7 further including the step of: 

mapping said cell values to said font index values, quantized on a font index scale which differs from said cell 
values scale. 



19. The method of claim 1 8 wherein a difference between said cell value for a first one of said multi-pixel cells and said 
font index value for said first one of said multi-pixel cells, as measured on said font index scale, is confo-buted to 
said cell value of a second one of said multi-pixel cells adjacent said first one of said multi-pixel cells whereby a 
first average of said font index values of said first one of said multi-pixel cells and said second one of said multi- 
pixel cells approximates a second average of said cell values of said first one of said multi-pixel cells and said sec- 
ond one of said multi-pixel cells, as measured on said font index scale. 

20. The method of claim 19 wherein said font irxiex value for said first one of said multi-pixel cells is set equal to said 
cell value for said first one of said multi-pixel cells, as measured on said font index scale, plus a random variable. 

21 . The method of claim 20 wherein said random variable is randomly distributed between a value of unity, and a ratio 
of a first maximum of said ceD values scale divided by a second maximum of said font index scale, minus unity. 
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22. The method of claim 17 wherein step (c) Includes the use of a dithering technique. 

23. TTie method of claim 1 7 wherein step (c) Includes the use of an en-or diffusion technique. 

24. The method of claim 1 7 further including the step of dynamic range adjustment to correct for nonlinearities of said 
marking medium deposited in said multi-pixel cells as a function of said font index values. 

25. An apparatus for accurate reduced-resolution tone reproduction of a printed image based on an Image of image 
values, said printed image bang generated by a printer engine with a printer resolution which deposits a marking 
medium at pixels on a printing surface, an amount of said marking mecium deposited at said pixels being a function 
of printer values for said pixels, comprising: 

cell definition unit for defining dimensions of a multi-pixel cell of said pixels; 

font cell generator for defining a set of font cells, each of said font cells having an arrangement of font pixel val- 
ues for said pixels in said multi-pixel cell and a corresponding font index value; and 
halftone font indexer for mapping said image values for said pixels In said multi-pixel cell to a corresponding 
one of said font cells, said printer engine printing said font ifAxsA values for said cdn-esponding one of said font 
cells in said multi-pixel cell on said printing surface. 

26. An apparatus for accurate reduced-resolution tone reproduction of a printed image based on an image of image 
values, said printed image being generated by a printer engine with a printer resolution which deposits a maridng 
medium at pixels on a printing surface, an amount off said maridng medum deposited at said pixels being a function 
of printer values for said pixels, comprising: 

means for defining dimensions of a multi-pixel cell of said pixels; 

means for defining a set of font cells, each of said font cells having an arrangement of font pixel values for said 
pixels in said multi-pixel cell and a corresponding font index value; and 

means for mapping said image values for said pixels in said multi-pixel cell to a corresponding one of said font 
cells, said printer engine printing said font pixel values for said corresponding one of said font cells in said multi- 
pixel cell on said printing surface. 

17. A system for printing a reduced-resolution image of image values on a printing surface with accurate tone repro- 
duction, comprising: 



a printer engine with a printer resolution which deposits a marking medium at pixels on said printing surface. 

an amount of said marking medium deposited at said pixels being a function of printer values for said pixels; 

a printer engine for depositing marking medium on said printing surface; 

cell dimensions definition unit for defining dimensions of a multi-pixel cell of said pixels; 

font cell generator for providing a set of font cells, each of said font cells having an arrangement of font pixel 

values for said pixels in said multi-pixel cell and a corresponding font index value; and 

halftone font indexer for mapping said image values for said pixels in said multi-pixel cell to a corresponding 

one of said font cells, said printer engine printing said font pixel values for said con-esponding one of said font 

cells in said multi-pixel cell on said printing suriace. 

A computer program for use with an image reproduction system including a scanner, a processor and a printer hav- 
ing a printer engine for depositing marking medium at pixels on a printing surface, for providing accurate reduced- 
resolution tone reproductfon of an image of image values, an amount of said marking medium deposited at said 
pixels being a function of printer values for said pixels, tiie computer program comprising: 

a computer useable medium having computer readable program code to define dimensions of a multi-pixel cell 
of said pixels; 

a computer useable medium having computer readable program code to define a set of font cells, each of said 
font cells having an arrangement of font pixel values for said pixels in said multi-pixel cell and a corresponding 
font index value; 

a computer useable medium having computer readable program code for mapping said image values for said 
pixels in said multi-pixel cell to a corresponding one of said font cells, said printer engine printing said font pixel 
values for said corresponding one of said font cells in said multi-pixel cell on said printing surface. 
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29. A method for accurate reduced-resolution tone reproduction of a printed image based on an Image of Image values 
obtained via a scanner, said printed image being generated by a printer engine with a printer resolution which 
deposits a marking medium at pixels on a printing surface, an amount of said marWng medium deposited at said 
pixels being a function of printer values for said pixels, conprising the steps of: 

calibrating printer colors generated by said printer engine with said image values obtained from said scanner 
to produce calibrated image values; 

filtering said calibrated Image values to provide filtered values lighter than said calibrated image values in high- 
light and upper midtone regions and darker than said calibrated image values in shadow and lower midtone 
regtons, said filtered values being quantized on a filtered values scale having a maximum filtered value and 
more than two filtered scale levels; 

mapping said filtered values for said pixels to printer values, said printer values being quantized on a printer 
values scale having more than two printer scale levels and a maximum printer value which differs from said 
maximum filtered value, differences between said filtered values and said printer values, as measured on said 
filtered values scale, being corrected such that a first spatial average over a region of said filtered values 
approximates a second spatial average over said region of said printer values, as measured on said ffltered val- 
ues scale; 

defining dimensions of a multi-pixel cell of said pixels; 

defining a set of font cells, each of said font cells having an an-angemenl of font pb©l values for saM pixels in 
said multi-pixel cell and a corresponding font index value; 

mapping said printer values for said pixels in said multi-pixel cell to a corresponding one of said font cells, said 
printer engine printing said font pixel values for said con'esponding one of said font cells in said multi-pixel cell 
on said printing surface; and 

adjusting a dynamic range of said font cells as printed by said printer engine to provide an extended dynamic 
range. 

30. An apparatus for accurate reduced-resolution tone reproduction of a printed image based on an image of image 
values obtained via a scanner, said printed image being generated by a printer engine with a printer resolution 
which deposits a marking medium at pixels on a printing surface, an amount of said marking medium deposited at 
said pixels being a function of printer values for said pixels, comprising: 

means for calibrating printer colors generated by said printer engine with said image values obtained from said 
scanner to produce calibrated image values; 

means for filtering said calibrated image values to provide filtered values lighter than said calibrated image val- 
ues in highilight and upper midtone regions and darker tfian said calibrated image values in shadow and lower 
midtone regions, said filtered values being quantized on a filtered values scale having a maximum filtered value 
and more than two filtered scale levels; 

means for mapping said filtered values for said pixels to printer values, said printer values being quantized on 
a printer values scale having more than two printer scale levels and a maximum printer value which differs from 
said maximum filtered value, differences between said filtered values and said printer values, as measured on 
said filtered values scale, being corrected such that a first spatial average over a region of said filtered values 
approxi mates a second spatial average over said region of said printer values, as measured on said filtered val- 
ues scale; 

means for defining dimensions of a multi-pixel cell of said pixels; 

means for defining a set of font cells, each of said font cells having an arrangement of font pixel values for said 
pixels in said multi-pixel cell and a corresponding font index value; 

means for mapping said printer values for said pixels in said multi-pixel cell to a corresponding one of said font 
cells, said printer engine printing said font pixel values for said con'esponding one of said font cells in said multi- 
pixel cell on said printing surface; and 

means for dynamic range adjustment of a dynamic range of said font cells as printed by said printer engine to 
provide an extended dynamic range. 

31. An apparatos for accurate reduced-resolution tone reproduction of a printed image based on an image of image 
values obtained via a scanner, said printed image being generated by a printer engine with a printer resolution 
which deposits a marking medium at pixels on a printing surface, an amount of said marking medium deposited at 
said pixels being a function of printer values for said pixels, comprising: 

cobr matoher for calibrating printer colors generated by said printer engine with said image values obtained 
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from said scanner to produce calibrated image values; 

dot gain compensator for filtering said calibrated image values to provide filtered values lighter than said cali- 
brated image values in highlight and upper midtone regions and darker than said calibrated image values in 
shadow and lower midtone regions, said filtered values being quantized on a filtered values scale having a 
maximum filtered value and more than two filtered scale levels; 

halftoning unit Ibr mapping said filtered values for said pixels to printer values, said printer values being quan- 
tized on a printer values scale having more than two printer scale levels and a maximum printer value which 
differs from said maximum filtered value, differences between said filtered values and said printer values as 
measured on said filtered values scale, being connected such that a first spatial average over a region of said 
fiftered values approximates a second spatial average over said region of sard printer values, as measured on 
said filtered values scale; 

cell dimensions definition unit for defining dimensions of a multiiDlxel cell of said pixels; 

font cell generator for generating a set of font cells, each of said font cells having an arrangement of font pixel 

values for said pixels in said multi-pixel cell and a corresponding font index value; 

halftone font Indexer for mapping said printer values for said pixels in said multi-pixel cell to a corresponding 
one of said font cells, said printer engine printing said font pixel values for said con-esponding one of said font 
cells in said multi-pixel cell on said printing surface; and 

dynamic range adjuster for dynamic range adjustment of a dynamic range of said font cells as printed by said 
printer engine to provide an extended dynamic range. 
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